Counting with a Single Detector

Introduction
Each interaction process of radiation within the sensitive volume of a detector material results in the deposition of a certain amount of energy and, consequently, in the appearance of charge at the output of the detector. The charge is collected and, in the pulse mode operation, is used to form an electrical output signal by the associated electronics. The time required to fully collect the charge varies within a broad range, typically from microseconds (with proportional counters) to nanoseconds (with semiconductor diodes or liquid scintillators) from one detector type to the other, and, along with other parameters (such as time jitter, signal amplitude, circuit time constants), determines the timing and pulse-pair resolution capabilities of the detector. The output-pulse amplitude, for an ideal detector, is proportional to the amount of radiation energy deposited in the sensitive volume. Due to the complexity of the interaction processes and ways of energy deposition in the detector material, the deposited energy may be different from the total energy of the radiation particles or photons to be detected. Even monoenergetic particles or photons may not produce a single pulse height, but a pulse-height distribution, whose structure reflects the elementary interaction processes. Additionally, the pulse heights show fluctuations stemming from the statistics of the production of charge carriers, from variations in the charge collection efficiency, from electronic noise and from other instabilities in the pulse processing chain, all combining to determine the energy resolution of the system.
Detector Efficiency-Basic Considerations
The capability of a specific detector to register radiation of a given type is quantitatively described by the "efficiency" of this detector. Several types of efficiency can be defined, which differ according to (a) the effect due to the interaction of the respective radiation with the active detector material that is considered in the detection and measuring process (e.g., every interaction effect, irrespective of the amount of energy deposited, or those interactions only that lead to the deposition of the total energy of the interacting particle or photon), (b) the characteristics of the radiation source or of the radiation field that is used as the reference (e.g., the number of particles or quanta that enter the sensitive volume of the detector, the number of specific particles or quanta that leave the source, or the number of decay processes of a specific radionuclide in the source).
The activity, A, of a radioactive source and the response of a radiation counting system (mean count rate, p, corrected for dead-time effects and background) are related by p =EA, (4.la) where the overall or "counting" efficiency, E, usually refers to the detection of a specific single radionuclide by means of a given detector or detector-system arrangement plus associated instrumentation, and for a specific source geometry. Occasionally, the effects of source size, source self-absorption, source scattering, other attenuation or in-and outscattering may be separately taken into account by introducing appropriate correction factors, fi (Mann et al., 1991) , (4.lb) where the counting efficiency, E 1 , now refers to an ideal point-like source with negligible mass and extension and no interfering material around the source or detector, or between source and detector. The counting efficiency thus describes the probability for the detection of spontaneous nuclear transitions, or decay processes in an amount of a specific radionuclide, and is the expectation value of the ratio of the number of detected events (number of recorded pulses) to the number of decay events, because the physics of detector interaction processes and the emission of radiation into a given solid angle are governed by stochastic phenomena.
Most frequently, the probability for the detection of particles (e.g., 13 particles, conversion electrons) or photons (x rays, gamma rays) of a specific energy or energy distribution, e.g., emitted in the course of the decay of a radionuclide or energy state, has to be considered, for a given detector arrangement or counting geometry. The respective efficiency, which is in most cases analogously to be understood as an expectation value, will be denoted accordingly as "individual" detection efficiency, Ei, relating the number of emissions, ni, and detected events (recorded pulses), n, as (4.2)
The index i, in specific applications, will be substituted by the symbol characterizing the given type of radiation. The efficiency thus defined depends both on detector properties and on the details of the counting geometry, primarily the source-detector distance.
By intrinsic efficiency, Eint,i' of a detector, we mean the probability of detecting a particle or photon that enters the sensitive volume of the detector. It is the ratio of the number of recorded pulses to the number of particles or quanta incident on the detector and it depends primarily on the detector material, the radiation properties and, particularly in the case of primary uncharged radiation, on the thickness of the detector in the direction of the incident radiation. One may write (at least approximately) an individual detection efficiency, Ei> as the product of an intrinsic efficiency, Eint,i> and a geometrical factor, if both quantities can be independently defined. In an ideal situation (no dependence of the intrinsic efficiency on the penetration depth of the radiation) and for an isotropic source, the geometrical factor equals n ; 4'1T if the detector subtends a solid angle, n, at the source. In many cases there remains at least a slight dependence of the intrinsic efficiency on the source-detector distance because the average path length in the detector material will change with the counting geometry.
As for the individual detection efficiency, we may distinguish between total detection efficiency, if any pulse, irrespective of its pulse height, is employed for registration, and partial detection efficiency, if pulses from only one part of the entire pulse-height spectrum are registered. A typical example for the latter type of efficiency is the full-energy peak efficiency for a certain gamma-ray energy to be used with energydispersive gamma-ray detection; the peak-to-total ratio often introduced is the ratio of the area in the full-energy peak to the total area of the differential pulse-height distribution. Peak efficiencies are often preferred in practice since events where the full radiation energy is deposited are less sensitive to perturbing effects such as radiation scattered from surrounding material, spurious pulses or electrical noise. Moreover, as every pulse-recording system incorporates a discrimination level in order to eliminate noise, the use of the total detection efficiency requires some extrapolation of the differential pulseheight spectrum to zero level. The decision of whether to count pulses in the total spectrum, or in a part of it, or in a selected peak, should, for a particular measurement of a given type of radiation field, be guided by the demands of adequate stability (insensitivity to instabilities in detector operating conditions), good discrimination properties against interfering radiations and background and a reasonably flat unstructured energy dependence of the efficiency over the energy range in question. As a general rule, high detector stability and high discrimination capability do not go together (compare, e.g., an ionization chamber and a Ge -y-ray detector) .
Role of the Decay Scheme and Effects of Correlated Radiations on Efficiency
Basic Considerations
Measurements of the emission rate of a given type of radiation from a radioactive source can, in principle, be performed on the basis of the individual detection efficiency for this particular radiation of the detector employed. Individual detection efficiencies may be calculated using a detailed knowledge of the relevant interaction processes and their cross sections, or determined experimentally with proper calibration sources. The determination of the decay rate of a radionuclide on the basis of an emission-rate measurement requires information on the decay scheme and a quantitative knowledge of its parameters, particularly the yield of the detected radiation per disintegration. This knowledge of the decay scheme is necessary not only for a conversion of emission to decay rates, but also in order to estimate the influence of other radiations that may be emitted on the outcome of the event counting. To what extent and in which way the other radiations emitted will affect the gross counting result, besides the trivial dependence on the relative magnitude of the respective efficiencies, will depend on whether there exist correlations between these radiations, and whether all pulses, regardless of amplitude, or only in limited pulse-height regions, are employed for registration. That is, interaction of correlated radiations within the detector·, besides adding to the total number of recorded pulses, may distort the pulse-amplitude distributions, as compared to the case of individually registered single radiations, and thus alter the fraction of pulses falling into a given pulse-height region. The effects of uncorrelated radiations will add arithmetically.
Counting in Selected Pulse-Height Regions
An
Example-Coincidence Summing in Gamma-Ray Spectrometry. To begin with, what has been outlined above will be illustrated by a simple case of coincidence summing, as observed in gamma-ray spectrometry. Coincidence summing arises whenever other radiations, occurring in cascade with the gamma ray being measured, are simultaneously detected, that is, when the life times of intermediate states are short compared to the pulsepair resolution time of the detection system. The superposition of the individual signals leads to sum pulses. Therefore, a pulse which would otherwise fall into the full-energy peak is shifted to a different position in the pulse-height spectrum. For a detector sensitive to gamma rays only and a decay scheme as in Figure 4 . la, with two successive transitions and negligible internal conversion, the number of pulses in the peak of -y 1 (or -y 2 ) will be decreased if -y 2 (or 'Yi. respectively) is detected. As any kind of full or partial energy-loss interaction has this shifting effect, the total efficiency, ET (and not the peak efficiency, Ep) for the other gamma ray in cascade is applicable. For -y 1 , the apparent peak efficiency is given by where Ep 1 is the efficiency with no summing and (1 -ET2) is the probability that -y 2 will not be detected and therefore will not interfere. The correction term Ep1 ET2 is the probability that a pulse from -y 2 will be detected at all and a pulse from 'Yi will be simultaneously detected in the peak area. On the other hand, the peak intensity for -y 3 in Figure 4 . la will be increased by summing of coincident full-energy-loss interactions of 'Y i and -y 2 , which results in a " sum peak" at a pulse height that corresponds to the sum of the two individual gamma-ray energies. This summing-in, although more unlikely (probability EpiEpz) , because it involves only peak efficiencies (not total efficiencies), may be significant if the emission probability for the cross-over gamma ray is much smaller than for the two gamma rays in cascade. A continuum of sum pulses will also always show up with amplitudes lower than the sum peak due to summing of partial energy-loss interactions.
No directional correlation between the emissions of 'Y 1 and 'Y2 has been assumed so far. In the case of directional correlations, the probability of simultaneous detection of both gamma rays is the product of the individual detection efficiencies multiplied by the probability that the two gamma rays hit the same detector, compared to the case of isotropic emission. The relative probability per unit solid angle that -y 2 is emitted at an angle 8 relative to the propagation direction of 'Yi is described by the angular correlation function , W(8) (Ferentz and Rosenzweig, 1966; Frauenfelder and Steffen, 1966; Taylor et al., 1971) . The rate of coincidences between the two cascading radiations 1and2 (Figure 4 .la), equal to E 1 E 2 A in the case of no directional correlations, becomes (4.4) where W is the value of the directional correlation function , W(8), averaged over the angles 8 between the correlated radiations within the solid angle subtended by the detector volume and weighted according to the relative detector responses (Rose, 1953; Yates, 1966; Marion and Young, 1968) .
For a more complex decay scheme, the probability of coincidence between the two correlated transitions Fig. 4 .lb. A decay scheme with two cascading gamma-ray transitions with internal conversion (total conversion coefficients a 1 and a2).
has to be taken into account. Let us assume that the first excited level is also fed by a 13-ray branch with abundance a 1 per decay and that there exists internal conversion (total conversion coefficients a 1 and a 2 for 'Yi and -y 2 , respectively) as a competitive branch of de-excitation in addition to the emission of photons (emission probabilities P 1 and P 2 per decay), as indicated in Figure 4 .lb. For simplification, we assume that the detector is not sensitive to x rays stemming from the internal conversion process or from bremsstrahlung production by the 13 rays or conversion electrons. Neglecting directional correlations, the gamma-ray peak count rates Ppl and Ppz per decay (by definition equal to the counting efficiencies for the respective radionuclide) for 'Yi and -y 2 will be instead of P 1 Ep 1 or P 2 Ep 2 for the case of non-coincident radiations. The fractional expressions in Equations 4.5a and 4.5b represent the abundance of coincidences, c(P 1 ,P 2 ) , between the gamma rays, 'Yi and -y 2 , and are, in fact, equal, because the probability for feeding the intermediate level, a 1 + P 2 (1 + a 2 ), and for depopulating it, P 1 (1 + a 1 ), must be the same.
Hence, the apparent gamma-ray efficiencies, €P 1 and f'p 2 , are related to the single gamma-ray efficiencies, Ep 1 and Ep 2 , by (4.6a) (4.6b)
Generally, if radiations are correlated via an intermediate level with a short life time (relative to the time resolution of the detector), and Pi and Pi are the abundances of the radiations that can be detected in coincidence, and Qi and Qi are the sums of the abundances of the other radiations that feed or depopulate this level (the index i is used for the feeding radiations, the indexj is used for the depopulating radiations) as shown in Figure 4 .2a, the abundance of coincidence is given by P1PJ PiPi c(P" P) = p Q = c(Pi, Pi) = p . Q· (4.7)
l + l J + ~ and the peak efficiencies are changed according to (4.8) where the indices i and j may be interchanged. The factor in front of ETj is simply the fraction of the transitions Pi that are in coincidence with the transitions Pi. The more general situation, where intermediate fast transitions occur between the detected radiations that feed a certain level and that depopulate another level, is shown in Figure 4 .2b. The abundance of coincidences is then given by an expression that is likewise symmetric in the indices i and j and includes the above examples as a special case, namely
where Pc is the abundance of the connecting intermediate transitions. The transitions not contributing to the coincidence with abundances (or sum of abundances) Qi, Qi, Oi, Oi (Figure 4 .2b) may start from or end at any other level above or below the two levels concerned. Equation 4.8 holds in the form given. For a decay scheme incorporating several gammaray transitions, the response in the peak belonging to a Q. I . Q . J gamma-ray transition i, now including the directional correlation functions , will be (sum is over coincidences) or Ppi = P iEpi -L c(Pj, Pj)EpiETjwij j;<i with the apparent peak efficiency (4.lOa) (4.lOb) where the expression in brackets is the coincidencesumming correction factor. The first sum in Equation 4.lOa shows the fractional loss due to pulse overlap, with the sum taken over all detected radiations coincident with gamma-ray transition i; the second sum in Equation 4.lOa corresponds to events in rapid succession that produce the same total energy deposition Ek + E 1 = Ei in the detector as a full-energy event of ' Yi· Efficiency values E with indices p and T denote (usually energy-dependent) peak and total efficiencies, respectively. Possible summing with x rays from electron capture or internal conversion, or with 511 keV annihilation quanta in case of [3 + decay, must be incorporated by introducing proper equivalent abundances Pi for these radiations in a suitably modified decay scheme. Whether cascade summing with x rays C K-shell x rays in most cases) plays a role depends on the energy resolution of the detector system, i.e., whether or not summing will remove pulses from the b &pi p . selected peak areas. In gamma-ray spectrometry, coincidence summing with x rays from internal conversion of coincident transitions may be taken into account by substituting (ETj + <XjKWJ<ETxK) for ETj in Equation 4.10, where cxiK is the K-shell internal conversion coefficient, WJ< the K-shell fluorescence yield and ETxK the total x-ray efficiency; in that case, the directional correlation correction must be reduced by the factor ET/(ETj + cxiKWJ<ETxK). In gammaray spectroscopy, in order to avoid coincidence summing due to electron-radiation response, an absorber consisting of material with a low atomic number (e.g., perspex) is usually employed, which is just thick enough to prevent this radiation from entering the detector.
In all the relations given above, higher-order contributions have been neglected, i.e., only the results for the simultaneous detection of two radiations have been presented. Higher-order terms may be significant for a very tight geometry. Since the detection probability for coincident events increases with increasing detection efficiency (e.g., solid angle subtended) for the single radiations, coincidence summing can also be experimentally verified by changing the counting geometry. Note that cascade-summing corrections are independent of the source strength (count rate). If the halflives of the intermediate levels reach the order of the pile-up resolving time, or are even longer, the probability of registering cascading radiations as a single pulse is reduced accordingly.
The above account is given primarily to summarize some typical problems and is not intended to cover gamma-ray spectrometry. For details on this subject, the reader is referred, for example, to the book by Debertin and Helmer (1988) . Methods for computing summing corrections in gamma-ray spectrometry have been summarized by Jedlovszky (1982), including several computer codes (which neglect angular correlations). Tabulations of these corrections have been presented for several radionuclides in a useful form by Schima and Hoppes (1983) . Results for specific counting systems, including computational procedures, can be found in papers by Andreev et al. (1972; 1973) , Debertin and Schi:itzig (1979), Gehrke et al. (1977) , McCallum and Coote (1975) , Morel et al. (1983) and in the comprehensive review by Debertin and Helmer (1988) .
Sum-Peak Method.
Coincidence summing using the sum-peak method can be exploited for direct activity determinations of radionuclides that decay with the emission of at least two photons in coincidence and with no direct transition of the parent nucleus to the ground state of the daughter. The procedure has been proposed and further developed by Brinkman and Aten (1963; 1965) and Brinkman et al. (1963; 1965) and it works best with a photon detector of high intrinsic and geometrical efficiency enhancing the effect of cascade summing so that, in addition to the single full-energy peaks, the sum peaks will also distinctly show up in the pulseheight spectrum. According to the principle of coincidence counting (see Section 5), by the evaluation of the counts in the single peaks and in the sum peak, the number of events is determined, even with a single detector, that have not been detected with this detector. This number is added to the total number of detected events in order to obtain the source activity, A. For illustration, let us consider a decay scheme with only two cascading gamma rays, 'Yi and 'Yz· The single-peak count rates, Ppl and Ppz, and the sum peak count rate, pp 12 , will be Ppl = AEp1Cl -ET2),
The inefficiencies, (1 -ET 1 ) and (1 -ET 2 ), show up in the expressions for Ppl and Ppz, respectively, because a detection of the partner gamma ray would cause a pulse in the single peaks to be moved from its proper position. The rate of undetected decay events will be where, for detectors with high efficiency, the term PplPpz / Pp 12 may represent a correction of only several percent. In case of 47T, or almost 47T, geometry, there are no effects of directional correlations to be considered. The accuracies originally achieved by this method (2 to 5%) were limited by the estimation of the summed Compton spectra to be subtracted under the single peaks. This could be improved by using two large Nal(Tl) crystal detectors in 47T geometry, sandwiching the source and operating in the summing, the coincidence and the anti-coincidence mode (Hutchinson et al., 1973) .
Integral Counting
Integral counting uses a low threshold, as compared to the dynamic range of the pulse-height distribution (often with the counting threshold sitting just above the noise level), where generally all pulses are counted, regardless of amplitude. Sum pulses from coincident events-although changed in amplitudewill be registered like single-event pulses. In the case of two coincident detectable radiations (transitions), for which the individual detection efficiencies are E 1 and Ez, the total detection efficiency, E, is then given by the sum-coincidence function, S, E = E1 + E2 -E1 E2 = E1 + E2(1 -E1) = E2 + E1 (1 -E2) = S(E1, E2).
(4.12) Events from one radiation will be counted as separate additional pulses only when the other correlated radiation has not been detected.
The integral-counting technique is often employed in 13-ray counting in order to achieve a high intrinsic efficiency for detecting the electrons from wide-range continuous 13-ray spectral distributions. For the 13-ray detector, usually not only sensitive to a single type of radiation, in case of an electromagnetic transition following the 13 transition, the expression 4.12 has to be formulated to include the sensitivity of the 13-ray detector to gamma rays (efficiency E-y, usually of the order of 1 %) and to conversion electrons (efficiency Ece' with intrinsic efficiency in most cases close to 100%) and to x rays immediately following the internal conversion (efficiency Ex, per internal conversion process, including all relevant atomic sub-shell contributions and fluorescence yields). Excluding the case of positron emitters, which will also produce annihilation radiation in coincidence (compare Section 4.4.2.2), and neglecting any response to Auger electrons and bremsstrahlung, the 13-ray detector count rate is given by
where a is the total conversion coefficient. The term in curly brackets represents the counting efficiency for the specific radionuclide. Note that the additional response due to the efficiency for the electromagnetic transition, [a(Ece + (1 -Ece )Ex) + E-y] / (1 + a), occurs only with a fraction (1 -Ef3), the probability that the 13 particle is not detected. In the case of more complex decay schemes, i.e., two or more alternative 13-ray branches (Figure 4.3) , the responses to all branches have to be summed to give the observed count rate where the sum extends over all branches with branching ratios ar. If several gamma-ray transitions in cascade or in parallel follow a 13-ray transition, the efficiency for all photon and/ or conversion-electron chains starting from the rth level can be described by a The source may be regarded as a mixture of several sources with the fractional activities ai, a2 , .. . , an ... . single efficiency value (Winkler and Pavlik, 1983 ), which we shall call level efficiency, En so that Equation 4.14b, together with Figure 4 .3, is generally valid. Beginning with the efficiency for the ground level, for which we set Eo = 0, and the efficiency for the first level E 1 = E 1 o (Figure 4.4) , we get successively as illustrated in Figure 4 .4. The values P rj are the abundances for the electromagnetic transitions from level r to level j, and Erj are the respective efficiencies for the detection of these transitions.
Counting Using a Defined Solid Angle
Low-and Medium-Geometry Counting
One of the oldest, and still used, methods for the direct determination of emission rates is defined solid-angle counting. This technique may be profitably applied if the intrinsic efficiency is well known, e.g., very close to 100%, and if the geometrical efficiency of the detector with respect to the source can be well defined, that is by the detector boundary itself or by putting an aperture in front of the detector and calculating the solid angle subtended at the source. (For more complicated geometries involving off-axis or volumetric sources or detectors with complex shapes, see Knoll, 1989; Mann et al., 1991) . The condition for a successful use of the method is that scattering and absorption between source and detector, including backscattering from the source support, are small and that the radiation is strongly absorbed and not scattered by the aperture material (Mann et al., 1991) . This can be fulfilled for alpha particles and low-energy (.::;; 80 ke V) gamma or x rays. Accuracies of0.1% to1 % have been achieved, depending on the nuclide (Allen, 1966; NCRP, 1985; Mann et al., 1991) . Self-absorption and backscattering are minimized with low-mass sources on source mounts of materials with low atomic number. Attenuation of the radiation by absorption and scattering can be eliminated by mounting the source and the detector rigidly in a vacuum vessel and using windowless detectors or detectors with very thin insensitive front layers (see, e.g., Mann et al., 1991) .
47T Counting
Basic Considerations.
A special case of counting geometry is using the full solid angle 47T, which has several important advantages to be outlined below. For 13-ray counting, a windowless counter with the highest possible efficiency can be implemented by mounting two gas counters face to face, each subtending a solid angle of essentially 27T, with the source positioned between the counter wires. The intrinsic efficiency can be kept very close to 100% by adjusting the operating high voltage, amplifier and signal discriminator level so that nearly every charged particle leaving the source is counted. Departures from 100% efficiency can be attributed to absorption by the source and the source mount.
There are obvious advantages of this technique. First, since the geometrical efficiency is practically unity, all corrections for scattering and absorption outside the source are eliminated. Therefore, this technique is most apt for counting electron radiation. Second, when measuring radionuclides with complex beta-gamma decay, due to the high efficiency achieved, all corrections for the detector response to any gamma radiation, x radiation or conversion electrons in addition to the beta rays, are minimized, provided that this additional radiation occurs coincidently with the primary radiation, as can be gathered from Equation 4.14a of the previous section. Likewise, in coincidence measurements with two detectors (see Sections 5 and 9), the probability of observing additional coincidences, not stemming from genuine coincident betagamma events, background or fortuitous coincidences, is minimized. Third, directional correlations have no effect.
The above features have made the 47T proportional counter the most widely used instrument in betagamma coincidence arrangements; these actually allow one to precisely measure the achieved 13-ray efficiencies (see Section 5). Pressurized 47T counters may be used for measuring the activity of electron capture nuclides in order to increase the intrinsic efficiency for low-energy photons. Another type of 47T counting is internal gas counting (NCRP, 1985; Garfinkel et al., 1973; Mann et al., 1991) , suitable for activity measurements of gaseous radionuclides or those that can be compounded into the gaseous form. The gas to be counted is quantitatively mixed with the counter gas, thus avoiding self-absorption even for low-energy radiation emitting radionuclides. Liquid-scintillation counters (NCRP, 1985; Mann et al., 1991) with the radioactive substance homogeneously distributed in the scintillator are essentially 47T detectors, but the intrinsic efficiency may be much less than 100%.
47T High-Efficiency Gamma-Ray Counting.
High-efficiency gamma-ray detectors with (almost) 47T geometry, e.g., a large well-type Nal(Tl) detector, have proved to be very powerful, particularly for the metrology of radionuclides with complex decay schemes incorporating coincident photon transitions, due to the summing properties of such a detector. For a few coincident gamma rays, the efficiency approaches nearly 100% and the uncertainty becomes very small and generally independent of a knowledge of the precise values of the decayscheme parameters.
In the case of two coincident gamma-ray transitions, for instance, the uncertainty of the total detection efficiency, E, in Equation 4.12, is given by (4.16a) assuming full correlation of the uncertainties, LlE 1 and Llc 2 , of the single gamma-ray efficiencies. The relative uncertainty is
Assuming equal relative uncertainties, Llc 2 / E 2 = Llci/ c 1 , of the single gamma-ray efficiencies, the uncertainty of the total detection efficiency is
which is less than the uncertainty of the single gamma-ray efficiencies. In order to demonstrate the influence of the uncertainty of decay-scheme parameters on the total detection efficiency, let us assume two parallel gamma-ray transitions or cascades, with intensities 1 1 and 1 2 and detection efficiencies E 1 and c 2 , respectively. The total detection efficiency is 11E1+12E2 c= 11+12
(4.17a)
In calculating the uncertainty of E according to the law of uncertainty propagation, the uncertainties of 1 1 and 1 2 are weighted by the partial derivatives aE E1 -E aE E2 -E al 1 = 11 + 12 and al 2 = 11 + 12. (4.l 7b)
If the difference of the single gamma-ray efficiencies is small, the differences (E 1 -E) and (E 2 -E) are small too, since E is a weighted average of E 1 and E 2 . Thus, the uncertainties in the transition abundances have a small effect on the uncertainty of the total detection efficiency. In the case where E 1 and E 2 are the detection efficiencies for cascades of coincident transitions, they approach unity and resemble each other even more, causing the above differences to be practically zero.
The procedure to determine the total counting efficiency in case of a complex decay scheme will now be briefly outlined (Winkler and Pavlik, 1983 where E{ is the efficiency for the jth transition in the ith decay path. The efficiencies for 13 --ray and 13 +-ray emission or an electron capture process have to be explicitly included in Equation 4.19, as these transitions produce bremsstrahlung, annihilation quanta in coincidence, or x rays, respectively. Internal conversion may also produce bremsstrahlung via the conversion electrons, besides characteristic x radiation. Therefore , the detection efficiency, E;j, for a single electromagnetic transition from level i to level j can be expressed as E~ + S(WJ<Ex, E~s)a~ + (a~ -a~)E~s with E i~ the efficiency for the specific single-gamma radiation, a~ the total conversion coefficient, a~ the K-shell conversion coefficient, Eis the efficiency for bremsstrahlung due to the conversion electrons, Ex the efficiency for characteristic K-shell x radiation, WK the fluorescence yield for the K shell.
For Equation 4.20, it is assumed that only K-shell x radiation (no x radiation from higher-order shells) is detected and the difference in the conversion-electron energies for conversion in the K shell and in higherorder shells is neglected.
In the case of 13 -emission, the efficiency is simply with Eks the efficiency for bremsstrahlung from the 13 transition to level i of the daughter nucleus, E 511 the efficiency for 511 keV-annihilation quanta, q; the intensity ratio l ee! Uec + 1 13 + ), p; the ratio of electron capture from K shell to total electron capture. In order to calculate the total counting efficiency E, the above concept of level efficiencies, Ej, according to Equation 4.15 and Figure 4 .4 can be employed, instead of splitting the decay scheme into independent parallel branches and using Equation 4.19. When the efficiencies for the beta transitions to the different levels of the daughter nucleus have been calculated according to Equations 4.21 and 4.22, the total counting efficiency, E, of the detector is obtained by n E = L a;S(Ep;, E;), (4.23) i= O where a; represents the normalized abundances of the beta branches.
If the dimensions of the cylindrical Nal(Tl) scintillator and of the housing material are very well known, the energy-dependent single-photon efficiencies can be calculated for thin samples (no selfabsorption) of circular or rectangular shape for the 'bare' detector, based on these dimensions and accurately measured attenuation coefficients of Nal (Mannhart and Vonach, 1976a; 1976b) . Experimentally determined correction factors can be applied for the effects of the material surrounding the scintillator and for the extension of the source (Mannhart and Vonach, 1976b) . The energy dependence of the single gamma-ray efficiency and its stability can be checked with standardized sources and by the technique described by Mannhart and Vonach (1978) , which requires only the counting of uncalibrated sources inside and outside the detector well. An uncertainty of about 0.5% (equivalent standard deviation), fully correlated, can be assumed for the single photonefficiency curve.
In order to calculate total counting efficiencies, even for very complex decay schemes, starting from these single-photon efficiencies, a computer code was developed (Pavlik, 1982; Winkler and Pavlik, 1983) , which takes into account correlations among the relevant decay data and the partial efficiencies for the beta-and gamma-ray transitions using the general propagation law of variances with consideration of the covariance matrices. Also, the physical consistency of the chosen or assumed decay schemes can be tested within the limits of uncertainty.
Thus, accuracies approaching 0.1 % can be achieved, depending on the radionuclide, by simple integral counting above a low and reproducible discrimination level (e.g., the 22.1 keV Agx-ray peak of1°9Cd) (Pavlik and Winkler, 1983) . The 477'")' method is particularly valuable for the standardization of multi-gamma sources, which, in turn, can be used to calibrate other gamma-ray detectors. A review article on such systems in use at standardizing laboratories was published by Ballaux (1983).
477'")' systems are also very valuable for applied purposes (e.g., in neutron-activation measurements) since thicker solid samples (typically of several tenths of a millimeter up to 2 mm) and up to several millimeters in diameter, and other volume sources, such as solutions, can be readily standardized without much loss in accuracy (Pavlik and Winkler, 1983) . This is due to the fact that the 47T geometry and the rather small dependence of the efficiency on the photon energy keeps corrections for sample-scattered radiation small; the efficiency is also rather insensitive to the source position.
With 47T counting of thicker samples, the singlegamma detection efficiencies (apart from self-attenuation due to photoeffect) are increased due to a shift of the spectrum to lower energies as a consequence of Compton-scattering processes. This is different from counting within small solid angles where most of the scattered quanta are not detected. The relevant correction can be calculated by Monte-Carlo techniques (Winkler and Pavlik, 1983) , for example.
In cases where x rays or low-energy gamma rays dominate, the accuracy obtainable for the total efficiency is limited by cut-off corrections for the threshold, for the attenuation in the well liner and in the sample, and occasionally by spectrum distortions due to coincidence summing. Such problems encountered with the detection oflower-energy photons have been addressed by Winkler and Pavlik (1983) and Pavlik and Winkler (1983) .
To enable accurate estimation of bremsstrahlung efficiencies, Ess, the use of additional aluminium liners of various thicknesses inside the well to absorb beta particles or conversion electrons before entering the scintillator has proved to be advantageous. For 13 +-ray emitters care must be taken that the positrons annihilate close to the source.
A drawback of 477'")'-ray counting is its lack of energy discrimination capability. The subtraction of pulseheight distributions belonging to interfering activities by means of a gamma-ray pulse-height distribution library can rarely be done accurately, because the summing of such a detector distorts the respective pulse-height distributions depending on the presence of coincident radiations.
